Parkinson's disease (PD) is the second most common neurodegenerative disease behind Alzheimer disease and affects more than four million people worldwide. Although in the last two decades there has been considerable progress in understanding the genetic basis of PD, its pathogenic causes are largely unknown. 1 In this study, we aimed to identify novel genes causing PD by performing whole-exome sequencing and subsequent analyses in a Spanish family featuring a late-onset form of PD ( Figure 1 ). The age at onset of our family ranged from 78 to 88 years old and the clinical phenotype was characterized by the presence of a mild motor parkinsonism with an unilateral tremor in one member, a rigid-akinetic unilateral syndrome in a second member, and a jaw tremor in a third member. Even though jaw tremor has been considered a symptom of essential tremor, when it appears in essential tremor is probably a marker for subsequent conversion to PD. 2 Cognitive impairment also occurred in all affected individuals. See Supplementary Online Material for more clinical details.
Whole-exome sequencing was performed in two affected siblings by using the SureSelectXT Human All exon 50 Mb exon-capture kit (Agilent Technologies Inc., Santa Clara, CA, USA) and HiSeq 2000 following the manufacturer's instructions for paired-end 150-bp reads (Illumina Inc., San Diego, CA, USA). Whole-exome sequencing data were then processed and analyzed through a computational pipeline following the general workflow adopted by the 1000 genomes project. 3 Ninety-one percent of the target exome was captured at 30-fold coverage or higher in both patients. Common genetic variation (frequency 43%) observed in the latest dbSNP137 build, 1000 Genomes Project Phase 1, other public databases, such as the Exome Variant Server of the National Heart, Lung and Blood Institute (NHLBI) Exome Sequencing Project, 4 and exomes generated in house 3 were removed from further analyses. Sanger sequencing was used for single-nucleotide variant (SNV) call validation and diseasesegregation analyses. Although four novel SNVs were identified present in the three affected individuals and absent in large number of control individuals (410 000), including 188 ethnicity-matched control chromosomes, only one SNV, located in the GIGYF2 gene and not present in the Exome Aggregation Consortium, was predicted to be pathogenic (Table 1 ). While the pathogenic role of GIGYF2 in PD remains controversial, 5 the GIGYF2 p.Arg610Gly mutation, which is situated in the GYF domain of the protein that is thought to possess ligand-binding properties, 6 was shown to be highly conserved across different species in both GIGYF1 and GIGYF2 proteins ( Figure 1 ), and was predicted to disrupt the binding between the protein's GYF domain and its interacting ligands (data not shown). The exon containing the p.Arg610Gly mutation was then sequenced in 107 Spanish PD patients, yielding no additional pathogenic mutation GIGYF2 mutation in late-onset Parkinson's disease J Ruiz-Martinez et al carriers; and the entire coding region of GIGYF2 was sequenced in 45 Spanish PD patients (age at onset ranged from 61 to 81 years), leading to the identification of one novel mutation, p.Lys1006Gln_insQ, which is probably non-pathogenic as it lies within a highly polymorphic polyglutamine repeat, along with other already-reported, non-pathogenic mutations. All mutations identified were later tested in neurologically normal individuals and excluded from being risk factors for PD (Table 2a-c) . Among the other SNVs identified, we suspected that only the mutation within MTHFD1L, which has been associated with an increased risk of late-onset Alzheimer disease 7 and neural tube defects, 8 may have role in the phenotypic expression of our family. The MTHFD1L p.Ala844Ser mutation was then investigated in 107 Spanish PD patients and 105 Spanish patients with late-onset Alzheimer disease. No additional mutation carrier was identified, suggesting that it has no implications in the pathophysiology of PD and AD. The remaining SNVs identified were localized in FN1 and C1QL2 genes, respectively, and as such are unlikely to have a role in the pathogenesis of PD: FN1 encoding for fibronectin is responsible for glomerulopathy with fibronectin deposits in humans 9 and has been involved in cell adhesion and migration processes, including embryogenesis, wound healing, blood coagulation, host defense and metastasis; 10 C1QL2, which is not expressed in brain tissues, 11 belongs to a large family of multimeric secreted glycoproteins.
Given the physiological role of GIGYF2 in the regulation of vesicular transport and insulin/insulin like growth factor 1 (IGF-1) signaling in the central nervous system, 12, 13 the role of insulin in the regulation of brain dopaminergic activity 14 and the identification of elevated levels of IGF-1 and IGF-binding proteins in the serum and cerebrospinal fluid of patients with PD, 15 we hypothesize that aberrations in proteins involved in the insulin/IGF-1 signaling pathway, including GIGYF2, may be the key players in the pathogenesis of LOPD. The fact that most biological functions of IGF-1, which acts as a homeostatic modulator for normal brain functionality and synaptic plasticity, are mediated by the IGF-1 receptor 16 and that GIGYF2 has been shown to play role in the regulation of IGF-1 receptor trafficking in specific, mammalian, neuronal populations, including hippocampal pyramidal neurons also supports this hypothesis. 17 Even though high prevalence of insulin resistance has been reported in patients with PD 18 and different studies have revealed an important role of insulin in normal memory function and learning ability, 19 a possible role of the MTHFD1L gene in the cognitive dysfunction of our reported family cannot be ruled out. However, this coupled with the fact that overexpression of GIGYF2 has not only been shown to correlate with an increased neuronal apoptosis but also to diminish cognitive function 17 may suggest that the cognitive impairment seen in our family may be due to a possible insulin dysregulation caused by GIGYF2 genetic variability identified in this study. Because dysregulation of insulin may predispose neurodegenerative disease late in life, 19 GIGYF2 mutation carriers may not develop the full parkinsonian symptoms until an advanced age as occurred in our reported family.
In summary, our study and others suggest that GIGYF2 genetic variability may be, although rare, a cause of LOPD. Although there are still many challenges to be met, this study adds insights into the contribution of GIGYF2 to the pathogenesis of PD and suggests insulin dysregulation as a disease-specific mechanism for both PD and cognitive dysfunction. 
